Fastidious anaerobic bacteria play critical roles in environmental bioremediation of halogenated compounds. However, their characterization and application have been largely impeded by difficulties in growing them in pure culture. Thus far, no pure culture has been reported to respire on the notorious polychlorinated biphenyls (PCBs), and functional genes responsible for PCB detoxification remain unknown due to the extremely slow growth of PCB-respiring bacteria. Here we report the successful isolation and characterization of three Dehalococcoides mccartyi strains that respire on commercial PCBs. Using high-throughput metagenomic analysis, combined with traditional culture techniques, tetrachloroethene (PCE) was identified as a feasible alternative to PCBs to isolate PCB-respiring Dehalococcoides from PCB-enriched cultures. With PCE as an alternative electron acceptor, the PCBrespiring Dehalococcoides were boosted to a higher cell density (1.2 × 10 8 to 1.3 × 10 8 cells per mL on PCE vs. 5.9 × 10 6 to 10.4 × 10 6 cells per mL on PCBs) with a shorter culturing time (30 d on PCE vs. 150 d on PCBs). The transcriptomic profiles illustrated that the distinct PCB dechlorination profile of each strain was predominantly mediated by a single, novel reductive dehalogenase (RDase) catalyzing chlorine removal from both PCBs and PCE. The transcription levels of PCB-RDase genes are 5-60 times higher than the genome-wide average. The cultivation of PCB-respiring Dehalococcoides in pure culture and the identification of PCB-RDase genes deepen our understanding of organohalide respiration of PCBs and shed light on in situ PCB bioremediation. P olychlorinated biphenyls (PCBs) as priority persistent organic pollutants (1) are ranked fifth on the US Environmental Protection Agency Superfund Priority List of Hazardous Compounds (2). PCBs were massively produced and sold as complex mixtures (e.g., Aroclor 1260) for industrial uses, resulting in their widespread distribution in sediments of lakes, rivers, and harbors (2). Although the production of PCBs was banned in most countries by the late 1970s, their persistence in nature and bioaccumulation in food chains continue to pose a significant health risk for humans (3). The pitfalls of the most commonly used chemical methods for PCB remediation via dredging include risk of leaking contaminants, identifying suitable disposal methods for large quantities of contaminated soil, and the invasive and disruptive impact on the surrounding ecosystem (4).
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In as early as 1987, detoxification of PCBs through reductive dechlorination by indigenous anaerobic bacteria was reported at contaminated sites (5) and confirmed in laboratory studies (6) , opening up the possibility of an environmentally attractive in situ microbial detoxification strategy. However, progress in this direction has been slow due to the challenges involved in cultivation of PCB-respiring bacteria. Correspondingly, to date, only three bacterial strains showed PCB dechlorination activity, Dehalobium chlorocoercia DF-1 (7), Dehalococcoides mccartyi 195 (8) , and D. mccartyi CBDB1 (9), none of which have been shown to be capable of respiring on the commercial PCBs as is needed for in situ PCB bioremediation and for identification of key functional genes (10) . On the other hand, several bacterial genera have been implicated in PCB dechlorination, including Dehalococcoides, Dehalogenimonas, and Dehalobacter (11) (12) (13) (14) , and these serve as a rich environmental resource for isolation and comparative study of the genes and processes underlying organohalide respiration.
In this study, we report the successful isolation and characterization of three D. mccartyi strains (CG1, CG4, and CG5) that metabolically dechlorinate the complex commercial PCB mixture Aroclor 1260. This was made possible by the synergy of high-throughput sequencing-based metagenomic and metatranscriptomic profiling with traditional culture techniques, to establish the viability of an alternate electron acceptor for bacterial isolation from PCB-enriched cultures (12) . Further genomic, transcriptomic, functional, and biochemical characterization of these isolates helped to identify and confirm novel genes encoding reductive dehalogenases (RDases) for catalyzing the PCB dechlorination.
Significance
Polychlorinated biphenyls (PCBs) as persistent organic pollutants are widespread in the sediments of lakes, rivers, and harbors. Although the PCB detoxification through microbial reductive dechlorination has been extensively studied for more than 20 y, the difficulty in cultivating PCB dechlorinators in pure culture impedes further characterization, optimization, and application in in situ bioremediation. By combining traditional culture techniques with next-generation sequencing technology, this study reports the successful cultivation and characterization of three PCB-respiring Dehalococcoides mccartyi strains in pure culture and identification of their key functional genes, which advances the PCB bioremediation and our understanding of organohalide respiration of PCBs.
Results
Metagenomic Profiling Indicates the Feasibility of Using Tetrachloroethene as an Alternative Electron Acceptor to Isolate PCB Dechlorinators. Consistent with the challenges faced by other researchers, despite our enrichment of three PCB-dechlorinating microbial communities (CG-1, CG-4, and CG-5) (12), repeated attempts to enrich dechlorinating bacteria as the dominant taxa through sequential transfers in defined mineral medium amended with lactate and Aroclor 1260 were unsuccessful. Profiling of the bacterial communities in the enrichments revealed that the relative abundance of putative PCB dechlorinators (Dehalococcoides of Chloroflexi phylum) only reached 11.1% (CG-1), 3.4% (CG-4), and 14.8% (CG-5) (Fig. 1A) , suggesting that further transfers were unlikely to be useful for enriching them to dominance as is required for the subsequent isolation process. Chloroethenes are known to support the growth of Dehalococcoides (13) and so can potentially serve as an alternative substrate for their enrichment. However, this process also has drawbacks, with the possibility of the obtained strain losing PCB dechlorination activity during the enrichment process (13) . Therefore, monitoring the transfer process through genomic approaches can help to guide the enrichment process and increase the odds. Kinetic characterization of the three microbial communities, CG-1, CG-4, and CG-5, on different halogenated compounds (chloroethenes and chlorophenols) indicated that all three cultures dechlorinate tetrachloroethene (PCE) to trichloroethene (TCE), cis-dichloroethene (cis-DCE), and trans-DCE without a lag phase (Fig. S1A) , suggesting PCE as a potential alternative electron acceptor. It turned out that after a single culture transfer on PCE, the Dehalococcoides in cultures CG-1, CG-4, and CG-5 became dominant with relative abundances of 85.2%, 44.2%, and 86.3%, respectively (Fig. 1A and Fig. S1B ). Polymorphism analysis of shotgun metagenomic sequencing data from PCE-and PCB-fed mixed cultures mapped to the genome of reference D. mccartyi 195 provided strong evidence that a single D. mccartyi strain was dominant and retained during the transfers of CG-4 and CG-5 ( Fig. S1C ; also seen in 16S rRNA gene sequencing). In contrast, Fig. S1C showed evidence of two strains in equal abundance in PCB-fed culture CG-1 (indistinguishable by 16S rRNA gene sequencing), of which only one was enriched in the PCE-fed culture. This was later confirmed through polymorphism analysis via mapping to the genomes of the respective Dehalococcoides isolate (Fig. S1D ). Metabolic pathway analysis and characterization of the family of RDase genes confirmed the retention of key metabolic pathways and RDase genes during culture transfer on PCE for CG-1, CG-4, and CG-5 ( Fig. 1B and Dataset S1A). Taken together, these results supported the feasibility of using PCE as an alternative electron acceptor for enriching PCBdechlorinating Dehalococcoides. Indeed, after 10 serial transfers on PCE, the relative abundance of Dehalococcoides accounted for 96.3%, 97.0%, and 91.0% of the total microbial communities in culture CG-1, CG-4, and CG-5, respectively (Dataset S1B). Subsequently, the cultures were subjected to serial dilution-to-extinctions in defined mineral medium amended with peptidoglycanattacking antibiotic, ampicillin (which Dehalococcoides are resistant to), and with acetate as a carbon source and H 2 as an electron donor. This resulted in successful isolation of three D. mccartyi strains, CG1, CG4, and CG5, and the purity of each culture was confirmed by multilocus sequence typing (MLST) targeting four housekeeping genes (16S rRNA, adk, atpD, and rpoB) (Fig. S1E ).
Distinct Dechlorination Pathways and PCB-Dependent Growth in Pure
Cultures. The isolates, strains CG1, CG4, and CG5, were confirmed to have retained the same PCB dechlorination activity as their respective parent enrichment cultures (12) , for which abiotic controls showed no obvious difference from the original Aroclor 1260 after 6 mo of incubation ( Fig. 2A) . To further characterize their dechlorination specificities, the cultures were inoculated into medium amended with eight PCB congeners Fig. 2A) . A limited amount of chlorine removal was observed at 55′-meta-and 44′-para-positions. In contrast, the chlorine-attacking preference for strain CG4 was found to be 44′-para > 55′-meta > 33′-meta (Fig. S2A) , removing flanked para-chlorines from 2345-, 2346-, and 245-chlorophenyl rings and flanked meta-chlorines from 23456-, 2345-, 245-, and 234-chlorophenyl rings ( Fig. 2A) . Finally, strain CG5 showed the most extensive PCB dechlorination activity (Fig. S2 A and B) , removing chlorines primarily from the 33′-and 55′-meta-positions of 2345-, 234-, 235-, 236-, and 245-chlorophenyl rings ( Fig.  2A) and flanked para-chlorines from 2345-, 2346-, and 245-chlorophenyl rings.
To investigate whether PCBs and PCE support the growth of strain CG1, CG4, and CG5, cell numbers were quantified along with the reductive dechlorination of Aroclor 1260 (Fig. 2B) and PCE (Fig. 2C ) using quantitative real-time PCR (qPCR). After (Fig. S2C) . Comparatively, the increase of cell numbers in PCE-fed pure cultures was much higher, i.e., 37.9-, 31.4-, and 28.0-fold to 1. (Fig. 2 B and C) .
Genomic and Transcriptomic Characterization of the Isolates. Wholegenome shotgun sequencing and targeted finishing experiments were used to obtain closed genome sequences for all three D. mccartyi strains, to aid in their further characterization. Although CG4 and CG5 have similar sized genomes (1.38 Mb and 1.36 Mb) and number of predicted protein-coding ORFs (1,421 vs. 1,413), CG1 has a larger genome (1.47 Mb) and correspondingly more ORFs (1,557) (Fig. 3A) . Phylogenetic analysis showed that strains CG1, CG4, and CG5 clustered into distinct D. mccartyi subgroups (Victoria, Cornell, and Pinellas) represented by previously sequenced strains VS (15), 195 (16), and CBDB1 (17), respectively (Fig. 3B) . Overall, the three genomes were organized in a fashion similar to other sequenced D. mccartyi strains but with significant pockets of differences concentrated in specific genomic regions ( Fig. 3C and Fig. S3A ). Some of these were in addition to the two high-plasticity regions (HPRs) (15) flanking both sides of the Ori that were observed in all three genomes (Fig. 3C) . Strikingly, the majority of the genes in these strain-specific regions coded for proteins with unknown function (Dataset S1C), whereas the HPRs were enriched in RDases (Fig. 3C) .
Characterization of full-length RDase homologous (rdhA) genes in the strain genomes revealed 35, 15, and 26 rdhA genes in CG1, CG4, and CG5, respectively, and all except for 3 of these have a corresponding rdhB gene encoding putative RDase membrane anchor proteins (within 70 bp of the 3′ end). Phylogenetic analysis of all 192 rdhA genes present in the three isolates and in D. mccartyi strain 195, CBDB1, VS, GT, and BAV1 (Fig. S3B) showed the presence of divergent clades of rdhA genes within each strain, suggesting that they may have been acquired from a diverse pool of available rdhA genes or originated from gene fragment recombinations rather than arising from duplication and mutagenesis events after a single acquisition. Furthermore, a higher tendency for Dehalococcoides of the same subgroup to share similar rdhA genes was observed (Fig. S3B) , which may imply a shared evolutionary relationship between subtype specification and rdhA gene acquisition/divergence. To identify the genes responsible for PCB and PCE dechlorination, transcriptomic (PCE-fed pure cultures) and metatranscriptomic (PCB-fed mixed cultures) analyses as well as qPCR (PCE-and PCB-fed pure cultures) using specific primers for each rdhA gene were used. Surprisingly, we found that the most highly transcribed rdhA genes were identical when cultures were fed with either PCBs or PCE, i.e., RD17 for CG1 (RD-CG1-17, 1,306,532-1,308,046 on the genome), RD1 for CG4 (RD-CG4-1, 64,056-65,504 on the genome), and RD1 for CG5 (RD-CG5-1, 64,583-66,031 on the genome), suggesting that the same dominant rdhAs were involved in chlorine removal from both PCBs and PCE (Fig. 4 A and B) . The second most highly transcribed RD-CG5-20 (1,240,912-1,242,399 on the genome) gene in the PCE-fed pure culture CG5 shared over 93% similarity (in a 1.5-kbp region) with the pceA gene of D. mccartyi 195, indicating that RD-CG5-20 may also be involved in PCE dechlorination. Transcriptomic and metatranscriptomic analyses (with the exception of PCB-fed mixed culture CG-1) are largely in concordance with the qPCR results (Fig. S3C) . Transcriptomic analysis for PCB-fed mixed culture CG-1 was complicated by the presence of two similar Dehalococcoides strains in the culture and the inability to deconvolute their respective contributions to the sequence data. Overall, the transcription levels of RD-CG1-17, RD-CG4-1, and RD-CG5-1 genes were much higher than the genome-wide average (5-60 times) (Fig. S3C ) and among the top 10 highly transcribed genes (Dataset S2) in nearly all cultures, confirming the active metabolic role of dechlorination in these cultures.
To further confirm that dechlorination of PCBs and PCE was catalyzed by the same RDases, in vitro assays were conducted with crude cell lysates from PCE-fed pure cultures that completely dechlorinated PCE to TCE and DCEs. The crude cell lysates in bottles spiked with Aroclor 1260 yielded the same dechlorination profiles as those observed in the active cultures (Fig. S4A ). In the in vitro assay bottle amended with PCE or 2345-245-CB, the rate of chlorine removal from PCE was two times the rate for the PCB congener (Fig. S4B) . Purified RD-CG1-17, RD-CG4-1, and RD-CG5-1 from native PAGE gels were also shown to be capable of removing chlorines from both 2345-245-CB and PCE in in-gel dechlorination assays (Fig. S4C) , confirming their role in both PCB and PCE dechlorination. These three RDases were then designated pcbA1 (RD-CG1-17), pcbA4 (RD-CG4-1), and pcbA5 (RD-CG5-1) with pcbA4 and pcbA5 sharing 97% amino acid identity (Fig. S3B) . These RDase genes can serve as potential biomarkers for assessing PCB dechlorination activities. Tracks from inside to outside: track 1, GC skew plot; tracks 2-4, nucleotide alignment to reference strain VS (purple, forward strand; orange, reverse strand), strain 195 (green, forward strand; yellow, reverse strand), and strain CBDB1 (red, forward strand; blue, reverse strand); track 5, predicted rdhAs and rdhBs (green, rdhA on forward strand; purple, rdhA on reverse strand; yellow, rdhB on forward strand; orange, rdhB on reverse strand); and track 6, ORFs (blue, forward strand; red, reverse strand). The high-plasticity regions (HPRs) are enclosed in light gray boxes (HPR1, right side of the Ori; HPR2, left side of the Ori).
Discussion
Studies pertaining to characterization of PCB-respiring bacteria and subsequent identification of RDase genes have been limited due to difficulties in isolating these fastidious bacteria and challenges in generating sufficient biomass for characterizing RDase genes. Here we used high-throughput genome and transcriptome sequencing and integrated analyses to establish that PCB-dechlorinating Dehalococcoides could be enriched and isolated by using PCE as an alternative electron acceptor, providing an opportunity for further characterization of the genomes and RDase genes of the isolates. Dechlorinating bacteria rarely grow on agar plates, and isolation is normally achieved by enriching the bacteria to dominance in a mixed culture and then via serial dilution-to-extinctions (18) (19) (20) . This strategy has been ineffective for isolating PCB-dechlorinating bacteria because their relative abundance in PCB-fed enrichment cultures remained at a low level (11, 14) . The dechlorinating bacteria failed in growth competition with other bacteria in PCB-fed cultures due to their low cell densities resulting from the extremely low bioavailability of PCBs (10, 14) . To circumvent this problem, we previously used TCE and vinyl chloride instead of PCBs to enrich and isolate PCB-dechlorinating bacteria from culture AD14 (13) . Even though we obtained two Dehalococcoides isolates from the culture, the two strains did not show PCB dechlorination activity, possibly as a result of loss of PCB-dechlorinators or PCB RDase genes during the enrichment process. The technical difficulties in differentiating highly similar bacterial strains present in the same culture further confounds the challenge in isolation of PCB-dechlorinating bacteria, e.g., as observed in PCB-fed mixed culture CG-1 where the two D. mccartyi strains have identical 16S rRNA gene sequence (12) . The use of high-throughput genomic approaches in this study was key to confirming that PCE is an appropriate alternative to PCBs, to enrich PCB-dechlorinating bacteria without activity loss. Capitalizing on those advantages, three PCB-dechlorinating D. mccartyi strains were successfully isolated via a five-step procedure: (i) transfer of the culture on Aroclor 1260 to enrich PCBdechlorinating bacteria and to phase out other halorespiring microbes incapable of growing on PCBs, (ii) substrate screening to identify PCE as an alternative to PCBs and metagenomic profiling to check whether PCB-dechlorinating bacteria had been highly enriched after a single transfer on PCE, (iii) continuous culture transfers on PCE to enrich the PCB-dechlorinating bacteria to become dominant, (iv) metagenomic analyses to confirm the persistence of PCB-dechlorinating bacteria and rdhA genes during culture transfers before proceeding with isolation process, and (v) verification of PCB dechlorination activity in pure cultures and further genomic and transcriptomic characterization. The overall procedure shows the synergy of genomic approaches with traditional culture techniques for isolation of PCB-dechlorinating Dehalococcoides and may also be applicable to other hard-to-isolate bacteria. The capability of bacteria to grow on the halogenated compounds is critical for their in situ bioremediation. For example, the biostimulation and bioaugmentation of chlorinated ethenes at contaminated sites have been successfully implemented by using the obligate organohalide respiring bacteria (21) . However, among the identified PCB-dechlorinating bacteria of Dehalococcoides, Dehalobium, Dehalogenimonas, and Dehalobacter genera, no microorganisms that metabolically dechlorinate commercial PCBs have been obtained in pure culture. To our knowledge, this study is the first documentation that Dehalococcoides in pure culture couple their growth with extensive dechlorination of complex commercial PCBs. The meta-and para-dechlorination specificities of these isolates could help to relieve dioxin-like toxic effects of PCBs in the environment. The less-chlorinated products are susceptible to complete degradation by other bacteria that attack the nonchlorinated sites using monooxygenases or dioxygenases (10) . The three characterized PCB-respiring isolates belonging to the three subgroups of Dehalococcoides may form a group of bacterial models to promote PCB bioremediation and to advance our understanding of organohalide respiration of PCBs.
Having a diverse pool of distinct rdhA genes within the Dehalococcoides genome confers evolutionary benefits because it enables wider substrate specificity, higher dehalogenation potential, and, consequently, swifter adaption to potential environmental changes. The RDases that have been characterized to date have been shown to be highly substrate-specific for chlorine removal, including the five rdhAs (pceA, mbrA, tceA, vcrA, and bvcA) identified from Dehalococcoides for catalyzing the four-step dechlorination of PCE to ethene (22) (23) (24) (25) (26) . For the isolates in this study, however, a single dominant rdhA gene (pcbA1, pcbA4, or pcbA5) was highly transcribed in each pure culture amended with aliphatic PCE or aromatic Aroclor 1260 composed of more than 30 PCB congeners. These findings highlight a previously unknown diversity in the substrate specificity range of RDases and add to the current diversity of PCE RDases (i.e., pceA and mbrA) identified in Dehalococcoides. Additionally, the identified rdhA genes could potentially be used as biomarkers for monitoring PCB dechlorination activity in bioremediation applications. In all, cultivation of PCB-respiring Dehalococcoides in pure culture and identification of PCB-RDase genes deepen our understanding of organohalide respiration of PCBs and shed light on in situ PCB bioremediation.
Materials and Methods
Full protocols are available in SI Materials and Methods.
Cultivation and Isolation. Completely defined, anaerobic mineral salts medium for bacterial enrichment and isolation was prepared as described (12, 13, 20) . Enrichment of PCB-dechlorinating Dehalococcoides was achieved by sequential transfers in 100 mL medium amended with sodium lactate (10 mM) and the chlorinated substrate, 30 ppm (80.65 μM) Aroclor 1260 or 0.7 mM PCE. Further isolation of Dehalococcoides strains was conducted by serial dilutions in 20-mL vials filled with 10 mL of medium amended with 10 mM sodium acetate, hydrogen (5 × 10 4 Pa), 0.7 mM PCE, and 50 ppm ampicillin. In pure cultures, 8 PCB congeners (5 ppm each) were added individually to verify PCB dechlorination pathways.
Analytical Techniques. PCBs were extracted with isooctane and quantified by gas chromatography (GC) equipped with an electron capture detector and a DB-5 capillary column as described (12, 13) . Chlorinated ethenes were analyzed by GC using flame ionization detector and a GS-GasPro column (13) .
DNA/RNA Extraction, qPCR, Sequencing, and Bioinformatic Analysis. Total community DNA was extracted from PCB-or PCE-fed mixed cultures for metagenomic sequencing. DNA for genome sequencing and RNA for transcriptomic analyses of PCE dechlorination were extracted from PCE-fed pure cultures. Repeated attempts to extract RNA from PCB-fed pure cultures failed to generate enough RNA for building RNA-seq libraries. Therefore, PCB-fed mixed cultures were used for RNA extraction for metatranscriptomic analyses of PCB dechlorination. qPCR enumeration of Dehalococcoides cells and RDase genes with gene-specific primers (Dataset S3) was performed with QuantiTect SYBR Green PCR kit (26 
